Abstract Thiocyanate is a common contaminant of the gold mining and coal coking industries for which biological degradation generally represents the most viable approach to remediation. Recent studies of thiocyanate-degrading bioreactor systems have revealed new information on the structure and metabolic activity of thiocyanate-degrading microbial consortia. Previous knowledge was limited primarily to pure-culture or co-culture studies in which the effects of linked carbon, sulfur and nitrogen cycling could not be fully understood. High throughput sequencing, DNA fingerprinting and targeted gene amplification have now elucidated the genetic and metabolic diversity of these complex microbial consortia. Specifically, this has highlighted the roles of key consortium members involved in sulfur oxidation and nitrification. New insights into the biogeochemical cycling of sulfur and nitrogen in bioreactor systems allow tailoring of the microbial metabolism towards meeting effluent composition requirements. Here we review these rapidly advancing studies and synthesize a conceptual model to inform new biotechnologies for thiocyanate remediation.
Introduction
Thiocyanate (SCN − ) is a common contaminant in gold mining and coal coking wastewaters (Dash et al. 2009 ). The chemical stability and environmental toxicity of this compound (Bhunia et al. 2000; Wald et al. 1939 ) have driven a search for new and more effective remediation technologies aimed at degradation of SCN − to benign or inert reaction products. Abiotic remediation methods currently consist mainly of chemical oxidation (Breuer and Jeffrey 2011; Jensen and Tuan 1993; Mudder et al. 2001; Wilson and Harris 1960) or sorption/separation processes (Aguirre et al. 2010 ) that are expensive to implement and may require high reagent inputs or produce significant quantities of hazardous solid waste (Akcil 2003; Dash et al. 2009) . A more viable alternative to abiotic thiocyanate degradation involves the biotechnological harnessing of environmental microorganisms capable of metabolizing thiocyanate (van Zyl et al. 2011; Whitlock 1990 ). Bacteria possessing a SCN − -degrading metabolism have been enriched and isolated from diverse environments, including activated sludge (Katayama et al. 1995; Patil 2014) , soda lakes (Sorokin et al. 2004; Sorokin et al. 2001) , soils (Vu et al. 2013; Wood et al. 1998 ) and gold mine tailings (Stott et al. 2001) . These bacteria belong to a range of metabolic niches and can use SCN − as an energy, carbon, nitrogen or sulfur source (Gould et al. 2012; Sorokin et al. 2001) . Several studies have used traditional cultivation-based and/or polymerase chain reaction (PCR) amplification-based (and therefore unavoidably biased) ribosomal gene sequencing to identify specific members of SCN − -degrading microbial consortia (Huddy et al. 2015; Lee et al. 2008; Shoji et al. 2014; van Zyl et al. 2014; Villemur et al. 2015) . These studies have revealed much about the physiological capabilities of microbial species or populations but have not been able to explore the full metabolic potential and biogeochemical linkages of active consortia or whole microbial communities involved in SCN − degradation.
An earlier paper reviewed the general knowledge about microbial SCN − degradation at that time (Gould et al. 2012 ). oxidation. These chemolithotrophic bacteria utilize the reduced sulfur released from the initial step of SCN − degradation as an energy source for growth, oxidizing sulfide to sulfate (Katayama et al. 1992) . They occupy a continuum of environmental settings, with neutrophilic Thiobacillus thioparus (Happold et al. 1958) , Paracoccus spp. (Katayama et al. 1995) and strain-specific SCN − degradation proposed for Thiobacillus denitrificans (Kelly and Wood 2000; Beller et al. 2006) ; halophilic Thiohalophilus thiocyanoxidans (Bezsudnova et al. 2007 ) and Halothiobacillus sp. (Sorokin et al. 2014 ) and the haloalkaliphilic Thioalkalivibrio paradoxus (Sorokin et al. 2002) , Thioalkalivibrio thiocyanoxidans (Sorokin et al. 2002) and Thioalkalivibrio thiocyanodenitrificans (Sorokin et al. 2004 ). All of these bacteria can also directly utilize other reduced sulfur species for growth, such as sulfide, polysulfide, elemental sulfur or thiosulfate (Sorokin et al. 2004; Sorokin et al. 2002) , sometimes preferentially over SCN − (Katayama and Kuraishi 1978) . In addition to utilizing sulfur as an energy source by these bacteria, utilization of nitrogen released from thiocyanate as ammonia has also been reported (Youatt 1954) . However, the activity of alkaliphilic sulfur oxidizers belonging to the Thioalkalivibrio genus was actually inhibited in the presence of 2-3 mM ammonia at pH ∼10 due to the increased toxicity of NH 3 at such high pH values (Sorokin et al. 2001) . While most SCN − -degrading bacteria oxidize sulfur aerobically, s o m e s p e c i e s , s u c h a s T. d e n i t r i f i c a n s a n d T. thiocyanodenitrificans, are facultative anaerobes able to reduce nitrate or nitrite as well (Kelly and Wood 2000; Sorokin et al. 2004) , although possibly at lowered growth rates (Sorokin et al. 2004) . In addition to the chemolithotrophic bacteria, a number of heterotrophs have been isolated capable of SCN − degradation.
The biochemistry and metabolic capability of this group have not been studied in the level of detail of the sulfur-oxidizing bacteria, but these species are unified by their requirement for an organic carbon source. (Stratford et al. 1994) , Arthrobacter (Betts et al. 1979) and Methylobacterium (Wood et al. 1998) . These genera primarily utilize SCN − as a source of nitrogen, obtaining their energy from the organic carbon instead of the liberated reduced sulfur. The presence of alternative nitrogen sources, such as ammonium, has been reported to inhibit SCN − degradation in some strains (Stafford and Callely 1969) , while not in others (Betts et al. 1979) . A mixotrophic bacterium, Burkholderia phytofirmans, has also been reported to degrade SCN − , requiring a carbon source and utilizing SCN − as a sole nitrogen source, while apparently oxidizing the sulfur from SCN − (Vu et al. 2013 ).
In addition to the above bacteria, eukaryotic SCN − degradation has also been noted in a species of fungus, Acremonium strictum (Kwon et al. 2002) . This fungus, isolated from coke oven wastewater, was able to degrade SCN − under circumneutral pH conditions in the presence of high concentrations of phenol and, alternatively, ammonium and nitrate but exhibited inhibition by nitrite and cyanide.
Enzymatic pathways for SCN − biodegradation
Thiocyanate biodegradation requires the initial hydrolysis of SCN − via specific enzymes to ammonia, sulfide and CO 2 (Sorokin et al. 2014) , depending on whether the microorganism employs the carbonyl sulfide (COS) pathway (Eqs. 1 and 2) or cyanate (CNO − ) pathway (Eqs. 3 and 4) (Kelly and Baker 1990) . These two pathways constitute the primary recognized biological mechanisms for SCN − degradation and are both aerobic. The former occurs via the hydrolysis of SCN − , forming ammonia along with carbonyl sulfide (Ebbs 2004) , an intermediate that can be further hydrolysed to hydrogen sulfide (H 2 S) via carbonyl sulfide hydrolase . At this stage, the sulfide is available as an electron donor for sulfur-oxidizing bacteria (Bezsudnova et al. 2007 ). As a reaction intermediate, carbonyl sulfide readily diffuses out of the cell and can be detected in the gaseous phase during biodegradation (Kim and Katayama 2000) .
The specific enzyme that mediates SCN -degradation to carbonyl sulfide, SCN − hydrolase (SCNase), first identified in the chemolithotrophic bacterium T. thioparus THI 115 (Katayama et al. 1992) , exhibits significant homology to bacterial nitrile hydratases (Katayama et al. 1998 ). The latter study was able to clone and sequence the genes encoding the α, β and γ subunits of this enzyme, the scnA, scnB and scnC genes, respectively. Enzymes with homology to this SCNase, or genes encoding its production, have since been identified in other SCN − -degrading cultures; T. thiocyanoxidans (Bezsudnova et al. 2007 ) and a lake water enrichment (Yamasaki et al. 2002) . A further novel SCNase was isolated from a mesophilic SCN − -degrading isolate, strain THI201, with little homology to the previously identified SCNase of T. thioparus THI 115 or T. thiocyanoxidans (Hussain et al. 2013) .
The cyanate pathway was first proposed for Thiobacillus thiocyanoxidans (Youatt 1954) , now taxonomically included in the T. thioparus (Katayama et al. 1992) . Despite no evident accumulation of cyanate as an intermediate, the pathway was proposed due to the presence of an enzyme, cyanase (Anderson 1980), capable of hydrolysing cyanate to ammonia and carbon dioxide (CO 2 ). However, cyanase activity has since been found to be widely expressed in bacteria and plants not capable of thiocyanate degradation (Anderson et al. 1990) , and its presence does not necessarily indicate an ability to metabolize thiocyanate. Indeed, the most substantial evidence for a cyanate pathway has come from the accumulation of cyanate by members of the Thioalkalivibrio genus that lack, or suppress, cyanase activity (Sorokin et al. 2002) . This study also found no evidence for the production of sulfide, but rather detected elemental sulfur as a reaction product, deviating from the proposed equation (Eq. 3). Despite this evidence for the utilization of the cyanate pathway, the enzyme for the conversion of thiocyanate to cyanate remains unidentified.
Although a number of microorganisms have been found that can degrade SCN − in isolation, most bioremediation systems rely on consortia due to the ability of different species or populations to tolerate small to moderate environmental changes, which likely increases the robustness of the system. The co-presence of other non-SCN − -degrading microbes may also yield a benefit through metabolizing undesirable byproducts such as ammonium. Several bioreactors, co-culture or consortia-based, have been demonstrated at laboratory, pilot and field scales (van Zyl et al. 2011; Whitlock 1990) . A variety of bioreactor designs have been developed, typically in the form of continuously stirred tank reactor systems (Lee et al. 2008) or moving bed bioreactors (Stott et al. 2001 ).
The former are typically employed in combination with a settling tank to retain and re-use biomass (van Zyl et al. 2011) or contain some type of solid substrate to provide a surface for biofilm growth (Villemur et al. 2015) . As the focus of this review is the metabolic capabilities of the microbial community within the reactors, a comprehensive review on bioreactor design is not provided here and has been discussed in more detail previously (Gould et al. 2012 ).
Sulfur-oxidizing consortia
The chemolithotrophic sulfur-oxidizing bacteria previously discussed typically dominate SCN − -degrading bioreactor consortia (Fig 1) . This dominance results from their activity in SCN − contaminated waste or activated sludge, often used as inocula for bioreactors, as well as from their adaptation to the moderately saline and circum-neutral to slightly alkaline pH conditions of typical bioreactor feedstocks. Of the sulfuroxidizing bacteria, those belonging to the genus Thiobacillus are often identified in bioreactor communities (Huddy et al. 2015; Kantor et al. 2015; Lee et al. 2008; Ryu et al. 2015; Villemur et al. 2015) . For example, a co-culture of sulfuroxidizing Thiobacillus or Halomonas capable of SCN − degradation was enriched from slightly alkaline and moderately saline gold mine tailings (Stott et al. 2001) . These bacteria were used to inoculate a lab-scale moving bed bioreactor with a total surface area of 20 m 2 and were able to degrade 2800 mg L − 1 SCN − to 1 mg L − 1 at a flow rate of 30 mL min −1
. Increased salinity in bioreactors may result in dominance of Halothiobacillus spp. (Sorokin et al. 2014) . While moderately halophilic members of this clade are not known to degrade SCN − , Halothiobacillus halophilus/ hydrothermalis SCN-R1 can degrade SCN − via the cyanate pathway and is the only Halothiobacillus species known to be capable of this process. Interestingly, despite their ability to fix carbon from CO 2 , Thiobacillus spp. are still often dominant in the presence of an organic carbon source, such as with molasses supplied in the well-known ASTER™ biodegradation system (Huddy et al. 2015; Kantor et al. 2015) . Investigations of the 16S rRNA gene sequences affiliated with Thiobacilli in another bioreactor study found that the majority of sequences grouped with T. thioparus, T. thiophilus, T. denitrificans or Thiobacillus sajenensis (Villemur et al. 2015) . As previously discussed, T. thioparus and some strains of T. denitrificans have been found to degrade SCN − in pure cultures (Happold et al. 1958; Kelly and Wood 2000 These genes were co-located in a conserved operon containing the gene encoding for the cyanase enzyme, alongside three other genes with possible roles in sulfur metabolism. The co-localisation of genes encoding SCNase and cyanase potentially explains the co-expression of these enzymes during pure culture studies (Bezsudnova et al. 2007 ). Another SCNase gene, recently also identified in Afipia spp. strain TH201 (Hussain et al. 2013) (Shoji et al. 2014; Kantor et al. 2015) . The presence of the non-SCN − -degrading sulfur-oxidizing bacterium, Thiomicrospira thermophila, has been reported, in this case metabolizing thiosulfate present in the influent, and again potentially oxidizing sulfide released by SCN − -degrading microorganisms (Shoji et al. 2014) . A number of sulfur-oxidizing bacteria not capable of SCN − degradation were also found to be present, at low abundance, in the complex bioreactor community studied by Kantor et al. (2015) . Intriguingly, the latter study found no gene encoding for carbonyl sulfide hydrolase (COSase) in either of the bioreactors analysed, suggesting the potential for expression of other sulfur-oxidizing genes (e.g., sox, rdsr, APS reductase, ATP sulfurylase) to further oxidize the sulfur released from the breakdown of COS. Thus, several sulfur oxidation pathways were identified using a metagenomic approach, although only Thiobacillus spp. possessed both sox and rdsr alongside SCNase, suggesting this genus still played the primary role in coupled SCN − degradation and sulfur cycling. (Felföldi et al. 2010 ) and (Kantor et al. 2015) . In addition to SCN − -degrading bacteria that utilize released nitrogen, a number of non-SCN − -degrading nitrogen cycling microbes are also often found in SCN − -degrading consortia (Fig 1) . Associated with the conversion of SCN − to ammonium in aerobic bioreactors, a number of nitrifying consortium members have been identified (Kantor et al. 2015; Ryu et al. 2015; Villemur et al. 2015) . In fact, the two-stage treatment reactor used in Ryu et al. (2015) produced nitrification Fig. 1 Conceptual model of bioreactor thiocyanate degradation and subsequent sulfur and nitrogen cycling, in the presence of both autotrophic and heterotrophic consortium members, in a thiocyanatedegrading bioreactor system. After (Kantor et al. 2015) occurring simultaneously with SCN − degradation, resulting in an increase in nitrite and nitrate, likely mediated by Nitrospira spp. present in the inoculum. Interestingly, the abundance of this genus decreased upon exposure to SCN − , an observation interpreted as a potential toxicity response to either SCN − or nitrous acid generated from ammonium oxidation. Nonetheless, harnessing the action of nitrifying bacteria, typically affiliated with Nitrobacter, Nitrosospira, Nitrosomonas and Nitrospira, enables the removal of ammonium and nitrite from bioreactors (Villemur et al. 2015) . Kantor et al. (2015) detected genes encoding for the ammonia monooxygenase and hydroxylamine oxidoreductase of Nitrosospira multiformis in their metagenomic bioreactor study, supporting the potential for cycling and removal of nitrogen. Significantly, however, no nitrite oxidation genes were detected, indicating a possible limitation to the ability of nitrifying bacteria to offset the action of ammonium as an inhibitor to SCN − degraders.
Nitrogen cycling consortia
Active denitrification has also been identified in some bioreactor systems (Fig 1) , as either an intentionally promoted process (Villemur et al. 2015) , or an unintentional effect of the activity of microbial consortia (Kantor et al. 2015) . The former study consisted of a series of bioreactors, one of which was targeted to promote denitrification by creating anaerobic conditions. The presence of T. denitrificans in these reactors is inferred to indicate an active denitrifying population. In the latter study, genes for denitrification from nitrite were found to be present within five members of a bioreactor consortium. Members of the Xanthomonadaceae were found to denitrify to N 2 O, while other members could complete denitrification from this intermediate. Complete denitrification genes were also found to be present on the genomes of Thiobacillus spp. and other autotrophs. Interestingly, several genomes contained genes encoding for cyanase, suggesting bioavailability of this intermediate as a carbon or nitrogen source. Recent work has also highlighted the role of archaeal ammonia-oxidizers in cyanate degradation in natural environments, suggesting the possibility that their growth could be stimulated in thiocyanate-contaminated groundwaters (Palatinszky et al. 2015) .
Other recent studies have examined potential syntrophic links with eukaryotes for nitrogen removal in SCN − degrading bioreactors. A paper by (Ryu et al. 2015 ) used a mixed bacterial/microalgal consortium, in which microalgae assimilated nitrogen accumulated as nitrate, nitrite and ammonium. Notably, this process was maintained in the same bioreactor as SCN − degradation, using operational parameters to promote the desired metabolism, switching from lithoautotrophic conditions supportive of Thiobacillus spp. in the SCN − -degrading stage to photoautotrophy stimulated by LED light activation, after which the abundance of Microactinium and cyanobacteria increased. Alongside the increased abundance of microalgae, bacteria previously known as symbionts in algal cultures also flourished. The most significant of these was a Rhizobium-like microorganism, which typically requires a plant host and is capable of N 2 fixation, highlighting the potential supporting role of these bacteria for microalgal activity. Interestingly, Kantor et al. (2015) also detected genes from a eukaryote (genus Rhizaria) encoding for nitrite reduction, suggesting a role for this eukaryote similar to that of the fungus Fusarium oxysporum (Kim et al. 2009 ).
Carbon cycling in thiocyanate-degrading consortia
The presence of organic carbon can support heterotrophic bacteria that utilize SCN − as a nitrogen source (du Plessis et al. 2001; van Zyl et al. 2011 ). Organic carbon is initially input into SCN − -degrading bioreactors in a number of ways, for example, through the addition of a labile carbon source such as molasses (van Zyl et al. 2011 ) to promote heterotrophic growth. A complex milieu of carbon compounds is also present in SCN − coal-coking waste, including phenol (Staib and Lant 2007 ) that can be degraded by a number of heterotrophic bacteria (Felföldi et al. 2010) . Finally, inputs of SCN − and air also provide CO 2 to autotrophic bacteria for conversion to biomass that can be recycled within the bioreactor. Genes used in carbon fixation, including Calvin-BensonBassham (CBB) cycle and RuBisCO genes, were detected in a bioreactor metagenome, with the latter belonging to the predominant Thiobacillus and Thiomonas spp. (Kantor et al. 2015) . A number of heterotrophic eukaryotes have also been identified in carbon-rich bioreactors (Huddy et al. 2015; van Zyl et al. 2011) . These include fungi, yeasts and amoebae that are likely to be metabolizing organics or dead biomass. Some of these eukaryotes are closely related to species which are known to degrade CN − ; e.g. F. oxysporum (Huddy et al. 2015) .
Implications for bioreactor design
The efficiency of SCN − biodegradation is a function of multiple operational variables, involving the chemistry of the influent waste stream, and the composition and activity of a potentially complex microbial community. Numerous labscale bioreactor studies are principally aimed at optimization of these parameters and identifying potential problems with inhibition, prior to pilot or field-scale operation. Larger-scale SCN − bioremediation efforts have typically focussed upon mixed consortia, typically due to the increased robustness from the metabolic diversity of this approach. The bacterial species present in these consortia are a function of both the original inoculum and the culture conditions employed. As previously discussed, these systems are initially inoculated with a complex bacterial consortium from activated sludge or contaminated waste, while amendments and exposure to SCN − and other contaminants likely modify the microbial ecology of the bioreactor.
Recent studies have yielded new insights into how an understanding of bioreactor microbial community structure can lead to better designs incorporating coupled biogeochemical processes, either within the same reactor or across several reactors in sequence. Most of these processes involve controlling the spatial and temporal growth and metabolic activity of intermixed or segregated sulfur-oxidizing and nitrogencycling microorganisms. Recent work has demonstrated that a series of bioreactors can be quite effective (Banerjee 1996; Staib and Lant 2007; van Zyl et al. 2014) , typically where other compounds alongside SCN − were targeted for degradation. One such system (Banerjee 1996) Variation in phenotypes of bioreactor microbial communities with and without suspended solids has been observed (van Zyl et al. 2014) . Interestingly, in the absence of suspended solids, copious amounts of biofilm were formed. In the presence of solids, the authors found Bosea, Microbacterium and Thiobacillus spp. to be major constituents of the SCN − -degrading consortium. Also detected were four fungi (two filamentous and two yeasts). F. oxysporum, a known cyanide degrader that was present in the ASTER™ consortium characterized by du Plessis et al. (2001), was not detected, however. Interestingly, increased solid loading was found to correspond with a longer adaptation period for microbial growth. In the presence of solids (i.e. the absence of biofilm), greatly reduced microbial diversity was found, interpreted to represent a lack of potential anaerobic and microaerophilic consortium members. If effluent from SCN − -degrading bioreactors is to be used as return flow to ore or tailings processing plants, or BIOX® bioleaching reactors (http://www.biomin.co.za/#), the potential combined effects of various microbial metabolic processes and efficiencies must be taken into consideration. The van study describes the inhibitory effects of SCN − on two isolates (Leptospirillum ferriphilum and Acidithiobacillus caldus) obtained from the BIOX® consortium. These bacteria exhibited complete inhibition of iron oxidation in the former and almost complete inhibition of sulfur oxidation in the latter, above 1.25 mg L −1 SCN − . The treatment of SCN − to below these values, via bioremediation, is therefore a pre-requisite for enabling the re-use of tailings water in the BIOX® process.
Concluding remarks
Utilizing SCN − -metabolizing microorganisms in a bioreactor approach is becoming a more widely adopted practice due to its effectiveness compared to abiotic chemical approaches. Earlier studies focused upon the metabolic potential of single isolates or co-cultures of SCN − degraders, using SCN − as a sulfur or nitrogen source. Although informative for culturable isolates, this approach is limited when applied to the complex microbial consortia typically present within a bioreactor system. The recently increased accessibility of high throughput sequencing techniques has, however, enabled insights into the true metabolic and genetic diversity of these systems. The information garnered from this approach has revealed fundamental information on nutrient cycling in SCN − contaminated systems, relevant to natural systems. In addition, this information helps inform improvement of current or future biotechnological approaches, through understanding the key processes limiting SCN − biodegradation or though optimization of redox cycling of its constituent elements: carbon, sulfur and nitrogen (Fig 1) . Advances in molecular sequencing techniques have highlighted the dominance of the genus Thiobacillus in a number of SCN − -degrading bioreactors, noting the importance of sulfur cycling for SCN − biodegradation. Nitrogen cycling has also been found to be a key metabolic process, where ammonium released from SCN − degradation can be assimilated into the biomass, nitrified or denitrified, depending upon the conditions in the bioreactor. Understanding the constraints upon these processes has enabled the development of novel bioreactor designs aimed at removal of nitrogen species, by encouraging the proliferation of denitrifying bacteria (Villemur et al. 2015) or nitrogen-assimilating microalgae (Ryu et al. 2015) . Understanding the often complex cycling of carbon in bioreactor systems has also revealed interesting insights into the roles of heterotrophic and autotrophic microorganisms. Significantly, the dominance of autotrophic SCN − -degrading bacteria suggests that the addition of a labile carbon source may not be needed for effective SCN − degradation (Kantor et al. 2015) . This review therefore serves to highlight that the utilization of high throughput DNA sequencing has greatly improved our understanding of the microbial community dynamics and genetic capability within SCN − -degrading bioreactors. This aids the development of more efficient and effective bioremediation approaches, which have the metabolic versatility to tailor the effluent chemical composition. This approach has significance not just for SCN − but also for the development and optimization of other biotechnological approaches to contaminant remediation.
